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Abstract
[FeFe]-hydrogenases contain strongly electronically coupled diiron [2Fe]H and tetrairon [Fe4-S4]H clusters, and thus much recent effort has focused on the chemistry of diiron-dithiolate biomimics with appended redox-active ligands. Here we report on the synthesis and electrocatalytic activity of Fe2(CO)4(-edt)(2-bpcd) (2) in which the electron-acceptor 4,5-bis(diphenylphosphino)-4-cyclopenten-1,3-dione (bpcd) acts as a surrogate of the [Fe4-S4]H sub-cluster. The complex is prepared in low yields but has been fully characterised, including a crystallographic study which shows that the diphosphine adopts a basal-apical coordination geometry in the solid state. Cyclic voltammetry shows that 2 undergoes three reduction events with DFT studies confirming that the first reduction is localised on the low-lying * system of the diphosphine ligand. The addition of the second electron furnishes a triplet dianion that exhibits spin density distributed over the diphosphine and diiron subunits. Protonation at the Fe-Fe bond of the triplet dianion furnishes the corresponding bridging hydride as the thermodynamically favoured species that contains a reduced bpcd ligand. Complex 2 functions as a catalyst for proton-reduction at its second reduction potential, in contrast to the related 2,3-bis(diphenylphosphino)maleic anhydride (bma) complex, Fe2(CO)4(-pdt)(2-bma) (1), which shows similar electrochemical behaviour but is not catalytically active. The difference in chemical behaviour is attributed to greater stability of the 4-cyclopenten-1,3-dione platform in 2 as compared to the maleic anhydride ring of the bma ligand in 1 following the uptake of the second electron. Thus protonation of the Fe-Fe bond in the 22- affords a species which is stable enough to undergo a further reduction-protonation event, unlike the bma ligand whose maleic anhydride ring undergoes deleterious C-O bond scission upon protonation or reaction with adventitious moisture. DFT studies, however, suggest that electron-transfer from the diphosphine to the diiron centre is not significant, probably due to their poor redox levelling. Thus, while the diphosphine is readily reduced, the added electron is apparently not utilised in proton-reduction and hence cannot truly be considered as an [Fe4-S4]H surrogate.   





The active site of [FeFe]-hydrogenases (Chart) consists of diiron [2Fe]H and tetrairon [Fe4-S4]H sub-units linked via a cysteine moiety and strong electronic communication between iron subunits via redox potential levelling [1] is essential for both electron transfers required for the interconversion of protons and hydrogen to occur with a similar driving force [2]. Consequently, much of the current interest in the chemistry of [FeFe]-hydrogenase biomimics focuses on the incorporation of redox-active ligands [3] to the diiron centre such that the two redox systems can (potentially) act in a cooperative fashion. Diphosphines have been extensively utilised as ancillary ligands in [FeFe]-hydrogenase biomimics as they can coordinate in a number of different ways to the diiron centre and their electronic and steric properties can be easily adjusted in order to fine-tune both the proton-binding ability and redox-potential(s) of the diiron centre [4]. The majority of diphosphines are good -donor ligands and their incorporation leads to an increase of electron-density at the diiron centre, which in turn facilitates proton binding. Conversely, their electron-donating ability leads to an increase in reduction potential of the diiron centre and thus can increase the overpotential required for proton-reduction. This is a key factor in the development of new and novel functionalized biomimetic catalysts that are able to operate at low overpotentials. 





Chart Line drawings of the H-cluster site of an [FeFe]-ase and complexes 1-5.

Results and discussion 
Synthesis and molecular structure of Fe2(CO)4(-edt)(2-bpcd) (2) 





Fig. 1 Molecular structure of 2 (left) and the DFT-optimized structure 1A (right). The hydrogen atoms in the former structure are omitted for clarity. 





CVs of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) and free bpcd were carried out in MeCN (Fig. 2 and S1). The diphosphine alone shows quasi-reversible reductions at E1/2 = –1.35 V and E1/2 = –2.15 V, together with an irreversible oxidation at Ep = 0.85 V. No significant change was observed when the scan rate was varied between 0.5 to 1 V/s (Fig. S2). The cathodic region of the CV of 2 also shows two reductive features, shifted to the less negative potentials of E1/2 = –1.08 V and E1/2 = –1.94 V, being followed by a further reversible reduction at E1/2 = –2.27 V (ired/iox ~ 1) and an irreversible reduction at E1/2 = –2.54 V. There is a small oxidative feature at E1/2 = –1.77 V on the return scan due to the oxidation of the product formed after irreversible reductions. The positive shift (ca. 0.25 V) of the first two reductions vis-à-vis free bpcd indicates that the Fe2(CO)4(edt) moiety acts in an electron-withdrawing capacity. The first reduction becomes irreversible at higher scan rates (≥ 0.25 V/s) with the appearance of new oxidative features at Ep = –1.18, –0.15, –0.08 V on the return scan (Fig. S3). The peaks at Ep = –0.15 and –0.08 V observed at scan rates ≥ 0.25 V/s disappear when the anodic region is scanned first, indicating that these derive from secondary products formed during reduction (Fig. S3). However, the reversibility of the first reductive process remains unchanged at all scan rates when the potential is cycled below –1.50 V (Fig. S4); most probably due to the avoidance of irreversible chemical processes that take place after the irreversible reductions. 












Fig. 2 CVs of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) (black) and bpcd (blue) in MeCN (1 mM solution, supporting electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode, potential vs Fc+/Fc). 

DFT calculations on [Fe2(CO)4(κ2-bpcd)(μ-edt)]n- (n = 0, 1, 2)












Fig. 3 Selected frontier orbital plots for species 1A: HOMO (left), LUMO (middle), and LUMO+1 (right). All pictures are printed at an isovalue of 0.055.











Fig. 4 Spin density plots of the radical anion 2A- (left) and triplet dianion 3B2- (right). The isovalue for each -spin based contour plot is 0.004.





Scheme 1 Sequential reduction of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) to afford 35e radical anion [2]- and 36e triplet dianion [2]2- 









Scheme 2 Chemical oxidation of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) using [Cp2Fe][BF4].

The stability of [2]+Fe2 is limited at room temperature, and within a few minutes, the (CO) bands for the initially oxidised species were replaced by a new species with a relatively low-energy absorption band at 2053 cm-1. The observed transformation is consistent with a slow electrochemical process that operates on the timescale of the experiment. That the site of the chemical oxidation derives from the HOMO of 2 was verified computationally. Fig. 5 shows the alpha spin SOMO of the resulting radical cation 2A+, whose parentage is traced directly to the Fe-Fe bonding HOMO of 1A. Of the two iron atoms in the SOMO of 2A+, the Fe(CO)P2 centre exhibits a larger orbital contribution to the SOMO along with a significantly Fe-P out-of-phase interaction with the apical phosphine moiety. This latter interaction is destabilising and may be involved in the suggested electrochemical reaction that leads to the decomposition of the radical cation.
















Fig. 6 CVs of Fe2(CO)4(κ2-dppen)(μ-edt) (3) in the absence of acid and with 1-10 molar equivalents of CF3CO2H (1 mM solution in acetonitrile, supporting electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode, potential vs Fc+/Fc).





Fig. 7 CVs of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) (in MeCN) in the absence of acid and in the presence of 2 to 10 molar equivalents of CF3CO2H (1 mM solution in acetonitrile, supporting electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode, potential vs Fc+/Fc).

DFT calculations on [HFe2(CO)4(κ2-bpcd)(μ-edt)]- (2H-)

As shown earlier, uptake of the second electron to 2 is primarily metal-based and results in a significant increase in the basicity of the diiron centre, which in turn is expected to promote protonation to give a hydride complex. In order to probe the structure of this hydride, combination of the triplet dianion of 22- (3B2-) with a proton was investigated by DFT. Fig. S7 shows the optimised structures and energy ordering for the different triplet protonated species evaluated by us. The thermodynamically favoured product is hydride-bridged [Fe2(CO)4(-H)(κ2-bpcd)(μ-edt)]- (C_‑H-), the Fe-Fe bond serving as the preferred site of protonation. Unrestricted DFT calculations on both triplet and singlet [17] states gave nearly identical geometries, and electronic energies that differed by < 0.01 kcal/mol. The negligible UDFT singlet-triplet energy difference calculated for C_‑H- prevented unequivocal assignment of the ground-state multiplicity of the bridged hydride at this level of theory. In terms of the participating orbitals, formation of 3C_-H- may be viewed as resulting from protonation of the Fe-Fe  bond in 3B2- whose orbital properties are similar to the HOMO computed for 1A. Moreover, protonation of the Fe-Fe -bond in 3B2- does not alter the nature of the higher energy redox-segregated SOMO-1 (* bpcd) and SOMO (Fe-Fe antibonding) orbitals computed for 3B2- which maintain their orbital ordering as the SOMO-1 and SOMO levels in 3C_-H-. The spin density on 3C_-H- remains localised on the dione and the Fe2 moieties and is not unlike that described for the triplet dianion 3B2- (Fig. 4). Thus it appears that protonation does not trigger electron-transfer. 





Given the apparent lack of protonation-mediated ligand-metal electron-transfer in 2 then a key question is why 1 and 2, which appear to be structurally and electronically similar, differ significantly in their catalytic proton-reduction activity. Our studies as described above suggest that for 2 (and most likely also 1) an EEC mechanism is active in which no (significant) catalysis is triggered until the generation of the dianion. We have seen similar behaviour for tri- and tetra-iron clusters where the first added electron does not produce a species basic enough to undergo protonation [18]. Localisation of significant electron density at the diiron centre in [2]2- upon the second reduction facilitates the first protonation event to afford [2-H]-, whose computed thermodynamic stability was favourable compared to other potential species. 





Scheme 3 Plausible mechanistic scheme for proton-reduction catalysed by Fe2(CO)4(κ2-bpcd)(μ-edt) (2).





The [FeFe]-hydrogenase biomimic Fe2(CO)4(κ2-bpcd)(μ-edt) (2), which contains a redox-active bpcd ligand, has been prepared and shown to be a catalyst for electrocatalytic proton-reduction. Thus 2 undergoes a ligand-based reduction at a mild potential (E1/2 = –1.08 V) as supported by DFT calculations, together with a diiron-centred reduction at more negative potentials. Electrocatalytic experiments in the presence of CF3CO2H show that 2 is not catalytically active its first reduction potential (E1/2 = –0.90 V) but does afford H2 at the second reduction potential. DFT calculations, however, suggest, that in both 35-electron [Fe2(CO)4(-H)(κ2-bpcd)(μ-edt)] and 36-electron [Fe2(CO)4(-H)(κ2-bpcd)(μ-edt)]- there is no significant proton-coupled electron-transfer from the ligand to the diiron centre and thus the reduced diphosphine appears to be an innocent bystander and cannot thus be considered as a [Fe4-S4]H surrogate. Thus the observed difference in the proton-reduction ability of 2 as compared to the related bma complex 1 appears to relate primarily to the more robust ligand backbone; ring-opening of bma likely accounting for its lack of stability in acidic media. 

This is disappointing and suggests that closer redox potential levelling is required to enable facile proton-coupled electron-transfer. In 2 the difference in reduction potential between the diphosphine and diiron centres is ca. 0.8 V. We had hoped that reduction of the ligand would result in an increase in basicity of the diiron centre such that it then became susceptible to protonation under the catalytic conditions; which normally leads to a decrease in the reduction potential by ca. 0.7 V. Unfortunately this appears not to be the case and a second (metal-centred) reduction is required to do this. Thus we note that while the carbonyl stretching frequencies between 2 (and 1) and 3 differ only by 6-7 cm-1 this represents a significant decrease in the basicity of the diiron centre. As far as we are aware, there is only one example of a diiron hydrogenase biomimic containing a redox-active phosphine ligand acting as a [Fe4-S4]H surrogate; Reek and co-workers reporting that in 5 (Chart) the phosphine acts as an electron-reservoir [15]. Notably, the reduction potential of the phosphine and diiron centres in 5 are within 0.1 V. Thus while hydrogenase biomimics containing a redox-active ligand as a [Fe4-S4]H surrogate are accessible, the design of such species remains challenging. 
Experimental Section

General - All reactions were carried out under a dry, oxygen-free nitrogen atmosphere using standard Schlenk techniques. Solvents were stored in alumina columns and dried with anhydrous engineering equipment, such that the water concentration was 5–10 ppm. Fe2(CO)6(μ-edt) [19], Fe2(CO)4(κ2-dppen)(μ-edt) (3) [11] and 4,5-bis(diphenylphosphino)-4-cyclopenten-1,3-dione (bpcd) [20] were prepared according to the literature procedures. Infrared spectra were recorded using a Nicolet 6700 FT-IR spectrometer in a solution cell fitted with calcium fluoride plates, subtraction of the solvent absorptions being achieved by computation. NMR spectra were run on a Bruker AMX400 instrument. All chemical shifts are reported in δ units with reference to the residual protons of the deuterated solvents for proton and to external P(OMe)3 for 31P chemical shifts. Preparative thin layer chromatography was carried out on 0.25 mm plates prepared from silica gel GHLF (UV254, Analtech).

Preparation of Fe2(CO)4(κ2-bpcd)(μ-edt) (2) – An MeCN solution (20 mL) of Fe2(CO)6(μ-edt) (50 mg, 0.134 mmol), bpcd (63 mg, 0.136 mmol) and Me3NO (11 mg, 0.145 mmol) was heated to reflux for 2 h. Over this time the red colour darkened. The mixture was cooled to room temperature, solvent removed under reduced pressure and the residue chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (3:1, v/v) developed two bands on the TLC plate. The first band gave unconsumed Fe2(CO)6(μ-edt) (4 mg) and the second band yielded Fe2(CO)4(κ2-bpcd)(μ-edt) (2) (24 mg, 23%) as green crystals after recrystallization from hexane/CH2Cl2 at –4oC. Spectral data for 2: IR (CO, CH2Cl2): 2028 s, 1959 s, 1921 w,  1747 w, 1716 m cm-1. 1H NMR (CDCl3): δ 7.96 (m, 4H), 7.52 (m, 6H), 7.43 (m, 2H), 7.38-7.30 (m, 8H), 3.60 (q, J = 21.6 Hz, 2H), 1.91 (d, J = 7.6 Hz, 2H), 1.51 (d, J = 7.6 Hz, 2H). 31P{1H} NMR (CDCl3): δ 84.0 (s). Elemental analysis calc. for C35H26Fe2O6P2S2 (found): C 53.87 (54.24), H 3.36 (3.41).

Electrochemical studies - Electrochemistry was carried out in deoxygenated acetonitrile with 0.05 M TBAPF6 as the supporting electrolyte. The working electrode was a 3 mm diameter glassy carbon electrode that was polished with 0.3 μm alumina slurry prior to each scan. The counter electrode was a Pt wire and the quasi-reference electrode was a silver wire. All CVs were referenced to the Fc+/Fc redox couple. An Autolab potentiostat (EcoChemie, Netherlands) was used for all electrochemical measurements. Catalysis studies were carried out by adding equivalents of CF3CO2H (Sigma-Aldrich).

X-ray structure determination - Single-crystal X-ray diffraction for 2 was conducted on a Rigaku Saturn CCD diffractometer (λ = 0.6889 Å) on Station I19 at the Diamond Light Source [21]. Crystallographic data and structure refinement details are given in Table 3.





Crystallographic data for the structural analysis of 2 have been deposited with the Cambridge Crystallographic Data Center, CCDC 1884942. Copies of this information may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge, CB2 1 EZ, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk (​mailto:deposit@ccdc.cam.ac.uk​) or www: http://www.ccdc.ac.uk (​http:​/​​/​www.ccdc.ac.uk​)). Atomic coordinates and energies of all DFT-optimised structures are included.
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Table 1. Selected metric parameters for 1-3
	3	2	1
Fe─Fe (Å)	2.5249(9)	2.5289(5)	2.5434(10)
 ap Fe─P (Å)ba Fe─P (Å)	2.1743(13)2.2070(13)	2.1917(7)2.2122(6)	2.1939(14)2.2216(14)
P─Fe─P (º)	87.83(5)	89.39(2)	91.01(5)

Table 2. (CO) IR bands and redox potentials for 1-3
Compounds	CO/cm-1 (in CH2Cl2)	Ered/V	Eox/V
Fe2(CO)4(κ2-dppen)(μ-edt) (3)	2023, 1953, 1915	–2.14 	–0.10 
Fe2(CO)4(κ2-bpcd)(μ-edt) (2)	2028, 1959, 1921	–1.08, –1.94, –2.27 	   0.00







Crystallographic data and structure refinement for 2
Compound	2
Empirical formula                                         Formula weight   Temperature (K)Wavelength (Å)Crystal system      Space group   Unit cell dimensions       a (Å)      b (Å)      c (Å)      β (°)           Volume (Å3)      Z    Density (calculated) (g/cm3)  Absorption coefficient (mm−1)F(000) Crystal size (mm3) θ range for data collection (°)Index ranges  Reflections collected Independent reflections Refinement methodMax. and min. transmission  Data/restraints/parameters   Goodness-of-fit on F2   Final R indices [I>2σ(I)] R indices (all data) Largest diff. peak and hole (eÅ−3)	2C35H26Fe2O6P2S2·CH2Cl21645.63100(2)0.68890MonoclinicP21/c8.7205(1)30.8866(5)25.4645(6) 90.917(1)6857.9(2)41.5942.516 33520.10 × 0.04 × 0.01  1.49 to 29.95 −12 ≤ h ≥ 12−44 ≤ k ≥ 44−35 ≤ l ≥ 258463320913 [R(int) = 0.0416]Full-matrix least-squares on F21.00000 and 0.80271   20913 / 0 / 1082  1.032R1 = 0.0448, wR2 = 0.1063R1 = 0.0622, wR2 = 0.11481.496 and −1.402     
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